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Abstract 31 
Reduction of soil moisture by plant root-water uptake could improve soil aeration for microbial 32 
aerobic methane oxidation (MAMO) in a landfill cover, but excessive soil moisture removal 33 
could suppress microbial activity due to water shortage. Existing models ignore the coupled 34 
microbe-vegetation interaction. It is thus not known whether the presence of plants is beneficial 35 
or adverse to MAMO. This study proposes a newly-improved theoretical model that couples the 36 
effects of root-water uptake and microbial activity for capturing water-gas flow and MAMO in 37 
unsaturated soils. Parametric studies are conducted to investigate the effects of root 38 
characteristics and transpiration rate on MAMO efficiency. Uniform, parabolic, exponential and 39 
triangular root architectures are considered. Ignoring the effects of water shortage on microbe 40 
over-predicts the MAMO efficiency significantly, especially for plants with traits that give high 41 
root-water uptake ability (i.e., uniformly-rooted and long root length). The effects of plants on 42 
MAMO efficiency depends on the initial soil moisture strongly. If the soil is too dry (i.e., close 43 
to the permanent wilting point), plant-water uptake, with any root architecture considered, would 44 
reduce MAMO efficiency as further soil water removal by plants suppresses microbial activity. 45 
Plants with exponential or triangular root architectures could preserve 10% higher MAMO than 46 
the other two cases. These two architectures are more capable of minimizing the adverse effects 47 
of root-water uptake due to microbial water shortage. This implies that high-water-demand 48 
plants such as those with long root length and with uniform or parabolic root architectures 49 
require more frequent irrigation to prevent from excessive reduction of MAMO efficiency. 50 
Key words: plant root-water uptake; microbial aerobic methane oxidation; coupled water-gas 51 
flow; numerical simulation  52 
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1 Introduction 53 
Effects of vegetation on microbial aerobic methane oxidation (MAMO) in landfills have drawn 54 
significant attention by environmentalists and engineers, who are responsible for the mitigation 55 
of methane gas emission. It is well known that the amount of soil water content affects MAMO 56 
significantly (Czepiel et al., 1996; Spokas and Bogner, 2011; Abichou et al., 2011; Scheutz et al., 57 
2009; Zhang et al., 2012). The presence of plants could be beneficial to MAMO. Through root-58 
water uptake, reduction of soil moisture would increase gas permeability and diffusion, 59 
improving soil aeration (i.e., more oxygen is available) (Bohn et al, 2011; Reichenauer et al., 60 
2011; Hilger et al., 2000; Zhang et al., 2013). However, plant transpiration, on the other hand, 61 
could be adverse to MAMO (Tanthachoon et al., 2008). When soil water content is reduced 62 
below the soil field capacity (Abichou et al., 2011), the activity of methanotrophic bacteria in 63 
soil would be inhibited, suppressing MAMO. It is clear that vegetation plays an important role 64 
on the performance of landfills in terms of the control of landfill gas emission. More detailed 65 
investigation on the coupled soil-plant-water-gas interaction is needed.  66 
 67 
Plants can develop different root architectures at specific environmental conditions, such as, 68 
uniform, triangular, exponential and parabolic shapes (Fig.1). Experiments (Kamchoom et al., 69 
2014; Ng et al., 2016; Leung et al., 2016) and analytical modelling (Prasad, 1988; Ng et al., 70 
2015a) all shows that transpiration induced by different root architectures could result in 71 
significantly different magnitudes and distributions of pore-water pressure and soil water content. 72 
A few experimental studies (Bohn et al, 2011; Reichenauer et al., 2011; Hilger et al., 2000; 73 
Wang et al., 2008) have attempted to investigate the vegetation effects on MAMO. However, 74 
effects of different root architectures on MAMO and its efficiency are not known. It is crucial for 75 
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Figure 1 The four different idealized root architectures considered in this study (after Ng et al., 2015a) 80 
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landfill/ecological engineers to select appropriate plant species which have favorable root 82 
architectures that could enhance the performance of the landfill cover. 83 
 84 
In fact, experimental study on the effects of root architectures on MAMO could be challenging. 85 
It is because plants have multiple effects on soil responses which are often coupled and difficult 86 
to be isolated from each other. For example, root-water uptake due to different combinations of 87 
root architectures and root depths would induce different magnitude and distribution of soil 88 
water content (Ng et al., 2015a; Prasad, 1988). Numerical modelling, on the contrary, is a useful 89 
means that can systematically investigate the relative importance and significance of each 90 
individual factor on MAMO. Although there have been various numerical models that could 91 
capture MAMO (De Visscher and Cleemput, 2003; Molins et al., 2008; Stein et al., 2001; Ng et 92 
al., 2015b), the effects of plant root-water uptake are generally ignored. Abichou et al. (2015) 93 
developed a theoretical model to attempt to investigate the effects of vegetation on MAMO, yet, 94 
the influence of root architectures on MAMO are not considered. Moreover, the effects of soil 95 
water content on the activity of methanotrophic bacteria involved in MAMO are also ignored in 96 
their model. Hence, their model is not able to capture the adverse effects of water shortage on 97 
microbial activity due to extensive root water-uptake during MAMO. 98 
 99 
The objective of this study is thus to use numerical modelling technique to provide new insights 100 
into the coupled effects of plant root-water uptake on microbial activities on MAMO efficiency 101 
considering different root architectures. Effects of plant root-water uptake on MAMO are newly 102 
introduced into the previous theoretical model proposed by Ng et al. (2015b). The newly 103 
improved model could consider coupled microbe-plant interaction during water-gas flow in 104 
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unsaturated soils. The root-water uptake modelling also enables the effects of four different root 105 
architectures, namely uniform, parabolic, exponential and triangular, to be considered when 106 
assessing MAMO efficiency. A series of parametric studies were then carried out to identify 107 
critical factors of plants that affect MAMO efficiency, including root architectures (triangular, 108 
parabolic, exponential and uniform), transpiration rate and root depth. 109 
 110 
2 Theoretical model and numerical methods 111 
2.1 Theoretical model 112 
The newly revised theoretical model reported in this study is based on the formulation proposed 113 
by Ng et al. (2015b). Based on the principle of mass conservation, the governing equations for 114 
water and multicomponent gas reactive transfer were derived. The model had been validated by 115 
Ng et al. (2015b), Feng et al. (2017) and Feng (2016) for coupled water-gas-heat reactive transfer 116 
with MAMO, against the experimental data reported by De Visscher et al. (1999) and Berger et 117 
al. (2005), respectively. 118 
 119 
In this study, the governing equation for water transfer is newly-modified by considering plant 120 
root-water uptake via a sink term, as follows: 121 
 
2
[ ] - + ( ,z)H(z)

  

w w w w DB H O w wv M r S
t
                             (1) 122 
where t is time; w  is water density; w  is volumetric water content (VWC); wv  is velocity of 123 
Darcian water flow; DB  is dry bulk density of soil; 2H OM  is molar mass for water; wr  is water 124 
generation rate by per unit mass of dry soil; ( , )S z  is sink term associated with plant root-water 125 
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uptake as a function of matric suction   (defined as the difference between gas pressure gP and 126 
pore-water pressure wP ) and depth z. The sink term is defined as the volume of water transpired 127 
by a plant per unit volume of soil and per unit time (Feddes et al., 1976). H(z)  is the Heaviside 128 
function (Polyanin, 2002) defined as 129 
2
2 1 2
1 0
H( )
0 ( )
z L
z
L z L L
 
 
  
                                                    (2) 130 
where 2L  is the root depth; and 1L  is the length outside the root zone, as defined in Fig.1. 131 
 132 
The term on the left hand side of Eq. (1) represents the net changes in liquid water per unit 133 
volume of soil, as a result of the processes described on the right hand side of the equation, 134 
including the transfer of liquid water (the first term), water generated by MAMO (the second 135 
term) and root-water uptake (the third term). 136 
 137 
In unsaturated soil, the velocity of Darcian water flow (vw in Eq. (1)) is described as follow: 138 
   1ww w
w
P
v k
g
 
    
 
                                       (3) 139 
where kw is water permeability function; w is the specific weight of water; and g is gravitational 140 
acceleration. Any plant-induced changes in infiltration rate or water permeability kw (Beven and 141 
Germann, 1982) were not taken into account. 142 
 143 
Within root zone 
Outside root zone 
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The use of sink term ( ( , )S z ) to capture the process of plant root-water uptake has been 144 
verified and frequently used in theoretical models to investigate subsurface water flow for 145 
various engineering problems (Feddes et al., 1978; Ng et al., 2015a; Nyambayo and Potts, 2010). 146 
Based on Feddes et al. (1976), root-water uptake ( ( , )S z ) can be described as: 147 
   ( , ) pS z G z T                                                                 (4) 148 
where Tp is transpiration rate and     is the so-called transpiration reduction function that 149 
varies with   as follows: 150 
 
0                  
          1                  
=     
              
    0                   

  


 
 


os
os ws
wilt
ws wilt
wilt ws
wilt
 
  
   
  
 
 
                              (5) 151 
where os  (anaerobiosis point) is the suction corresponding to oxygen stress, when root-water 152 
uptake is negligible due to lack of aeration caused by high soil water content; ws  (turning point) 153 
refers to the suction related to water stress, when roots have reduced ability to extract water from 154 
soil to prevent excessive plant water loss; and wilt  is the suction at permanent wilting point, 155 
when root can no longer extract water from soil due to too low soil water content.  156 
 157 
According to Eq. (5), root-water uptake would occur when suction is higher than os  as oxygen 158 
stress relieves but lower than ws  before plant wilts. The ability of root-water uptake is 159 
maximum between os  and ws , beyond which the ability decreases linearly with suction to 160 
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wilt .  G z in Eq. (4) describes the distributions of root-water uptake ability, which in this study 161 
is assumed to be proportional to root architecture with depth z. Four idealized root architectures 162 
can thus be mathematically expressed as: 163 
2
2
2 2
2
2 2
2
2 2 2
2
2 2
1
2
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2 3(( ) ( ) )
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
   
 
 
L
L z
L L
G
L z
L L
L z L L z
L L
   
 
 164 
In Eq. (6),  is a constant with a unit of m-1, which controls the curvature of exponential root 165 
architecture. A case study reported by Raats (1974) suggests that  is equal to 1 m-1. The total 166 
root area for each root architecture is considered to be the same for fair comparison. The 167 
distributions of transpiration-induced suction by these four root architectures have been verified 168 
by Ng et al. (2015a). 169 
 170 
In order to quantify the water generation by MAMO (i.e., wr  in Eq. (1)), the following 171 
stoichiometry suggested by De Visscher and Cleemput (2003) may be used: 172 
4 2 2 2 2CH 1.5O 0.5CO 1.5H O+0.5 CH O                               (7) 173 
Uniform root architecture 
Triangular root architecture                          
Exponential root architecture                 (6)  
Parabolic root architecture 
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where 
2CH O  represents biomass. The rate of MAMO may be described by the dual-substrate 174 
Michaelis–Menten kinetics, taking into account the effects of temperature and soil water content 175 
on oxidation rate (Abichou et al., 2011), as follows: 176 
4 24
4 2 2
max CH O
, ,
m CH O
CH
g V T V m
O
V y y
r f f
K y K y
  
 
                (8) 177 
where Vmax denotes the maximum methane oxidation rate per unit mass of dry soil; Km and Ko2 178 
represent half saturation constants for methane and oxygen, respectively；
,V Tf  and ,V mf  describe 179 
effects of temperature and water content on microbial activity, respectively. Details for 
,V Tf  and 180 
,V mf  can be found in the Part 1 of the supplementary information (SI); 4CHy and 2Oy  denote 181 
volume fraction of methane and oxygen, respectively. Based on ideal gas law, volume fraction of 182 
gas k equals to its mole fraction (i.e., 4
1


k
g
k
j
g
j
c
y
c
). Through Eq. (8), the effects of root-water 183 
uptake on the improvement of soil aeration (i.e., 2
2
2 2
O
O
O
O
y
f
K y


 increases) and the suppression 184 
of microbial activity of MAMO due to shortage of water (i.e., ,V mf  decreases) can be modelled. 185 
In order to reveal the dominant mechanism for these two counteracting mechanisms, the 186 
following dimensionless ratio is defined:  187 
         
2
2 22
O
O
, ,
OO
V m V m
y
K yf
f f

 
           (9) 188 
When   is larger than 1, the MAMO is more predominantly affected by the water shortage on 189 
microbial activity. In contrast, when it is smaller than 1, the lack of soil aeration (hence oxygen 190 
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transfer) is the more dominant mechanism that reduces MAMO. When 1  , the following 191 
dimensionless ratio, namely water shortage coefficient, is defined to estimate the extent to which 192 
water availability affects MAMO: 193 
 
2
*
( )


p
ini wilt
T t
L

 
                              (10) 194 
where ini and wilt refer to initial VWC and VWC at permanent wilting point ( wilt ), respectively. 195 
The numerator ( *pT t ) represents the maximum root-water uptake (i.e.,     = 1; Eq. (5)) for a 196 
period of t; The denominator represents the minimum amount of soil water available for root-197 
water uptake, ignoring any water supply from outside a root zone. When 1 ? , the soil water 198 
content would not meet the demand of root-water uptake, and it is the opposite when 1  . A 199 
higher   means an increased effects of water shortage on MAMO. 200 
 201 
In order to further evaluate any improvement provided by vegetation, MAMO efficiency is 202 
defined as follows (De Visscher et al., 1999): 203 
       
-
= 100%4 4
4
in out
CH CH
oxi in
CH
Γ Γ
Γ
                                                           (11) 204 
where 
4
in
CHΓ and 4
out
CHΓ  are the methane influx and outflux, respectively; and oxi  is the MAMO 205 
efficiency. The theoretical consideration for MAMO and governing equation for each gas 206 
component transfer (Eq. (A3) in Part 2 of the SI) are identical to that presented in Ng et al. 207 
(2015b). The governing equations for gas transfer were derived based on the principle of mass 208 
conservation. The gas species considered in this study includes CH4, carbon dioxide (CO2), 209 
oxygen (O2) and nitrogen (N2). Gas transfer mechanisms considered include gas dissolution in 210 
liquid water, gas advection and molecular diffusion and gas reaction involved in MAMO. 211 
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 212 
2.2 Numerical implementation and parameterization 213 
In this study, one-dimensional (1D) numerical simulation was conducted, following the identical 214 
boundary conditions and procedures used in the soil column test performed by De Visscher et al. 215 
(1999) for bare soil. In their column tests, sandy loam (following the classification method by 216 
USDA 1998) was used. The test was conducted at an ambient temperature of 22 °C. In their test, 217 
a plexiglass cylinder with height of 0.5 m and inner diameter of 0.141 m was used. The height of 218 
soil column tested is 0.5 m. At the column bottom, methane and carbon dioxide were applied at a 219 
constant flux of 13.4 mol m-2column d
-1. The head space of the column was continuously flushed 220 
by humidified air through water-washing bottle. This procedure aimed to mitigate the effects 221 
evaporation on MAMO efficiency. Indeed, their measurements showed that the variations of soil 222 
water content was less than 2% after testing for about 56 days. Hence, any effects of evaporation 223 
can be neglected. 224 
 225 
After validating the theoretical model against the published data of the bare soil column tests by 226 
Ng et al. (2015b), this study adds the vegetation effects for parametric study. Note that because 227 
the lateral wall of the soil column adopted by De Visscher et al. (1999) was thermally conductive, 228 
any effect of heat generated by MAMO on soil temperature was found to be negligible (Ng et al. 229 
2015b). Thus, heat transfer can be ignored in this study. It should also be noted that although 230 
there are some laboratory tests that investigated the effects of vegetation on MAMO (Bohn et al, 231 
2011; Reichenauer et al., 2011; Hilger et al., 2000; Wang et al., 2008), it is unfortunate that these 232 
studies could not be used for model validation in this study because the root architectures 233 
considered in each of these studies were not known or reported. 234 
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 235 
The finite element software, COMSOL, was used for numerical implementation and simulation. 236 
According to the test conditions presented by De Visscher et al. (1999), the 1D numerical model 237 
with a height of 0.5 m was built. Four root architectures with different 1L  and 2L  were specified 238 
in the top part of the soil column. The root depth, 2L , ranged from 0.1 to 0.5 m was considered 239 
in this study. The input material properties are summarized in Table 1. The soil properties and 240 
kinetics parameters for MAMO were measured by De Visscher et al. (1999). These parameters 241 
had been adopted for the calibration of the theoretical model for coupled water-gas-heat reactive 242 
transfer with MAMO by Ng et al. (2015b) using the same bare soil column reported by De 243 
Visscher et al. (1999). The parameters of soil hydraulic properties, Henry's constant and binary 244 
diffusion coefficients for each gas component transfer were determined based on the calibrated 245 
parameters reported by Ng et al. (2015b). As a first approximation to describe the transpiration 246 
reduction function in Eq. (5), typical values of 40 and 1500 kPa were taken for  ws  and  wilt  247 
(Feddes et al., 1976), respectively, for all four root architectures. 248 
 249 
A constant transpiration rate was specified over the entire root zone, considering a range of 1 to 250 
6.6 mm/day (Leung and Ng (2013)) in this parametric study. A zero-water-flux boundary was 251 
specified at the column surface. This aims to simulate no-evaporation condition, consistent with 252 
the test conditions reported by De Visscher et al. (1999).  253 
 254 
 255 
 256 
 257 
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 258 
Table 1 Summary of input parameters for the numerical simulation  259 
Note:  260 
(a) Soil water characteristic curve is based on expression proposed by Van Genuchten (1980), while water 261 
permeability function is based on Mualem (1976). 262 
(b) Based on De Visscher et al. (2003), for the top 0.2m depth, a constant maximum methane oxidation rate of 263 
7.5*10-7 mol kg
-1
dry soil s
-1 
is adopted; for 0.2 m to 0.5 m depths, maximum methane oxidation rate is considered to 264 
decrease linearly from 7.5*10-7 mol kg
-1
dry soil s
-1 
to zero.  265 
 266 
Parameter  Value  Source  
Porosity 0.587 
De Visscher et 
al., 1999 
Soil dry bulk density (kg m-3) 1039 
Soil particle density (kg m-3) 2521 
Hydraulic parametersa 
Saturated volumetric water content, θsaturated 0.587  
Residual volumetric water content, θr 0.02  
Van Genuchten’s parameter, m 0.33  
Van Genuchten’s parameter, a (m-1) 5  
Intrinsic permeability ki (m2) 5.8*10-12  
Water density (kg/m3) 1000  
 
 Henry's constant 
(dimensionless)  
 
 CO2 0.8145 
 
O2 0.0318 Ng et al. (2015b) 
N2 0.0159 
 
CH4 0.0316 
 
Binary diffusion 
coefficient  
 (10-6 m2s-1) 
O2 and N2 2.083  
CO2 and N2 1.649  
CH4 and N2 2.137  
CO2 and O2 1.635  
O2 and CH4 2.263  
CO2 and CH4 1.705  
Kinetics parameters for 
MAMO 
Maximum methane oxidation rate (mol kg
-1
s
-1
)b 7.5*10
-7 
 
K
o2
 0.012 
De Visscher et 
al., 1999 
K
ch4
 0.0066 
 
Root water uptake 
Anaerobiosis point os  (kPa) 1 
Feddes et al. 
(1976) 
Turning point  ws (kPa) 40 
Wilting point wilt  (kPa) 1600 
15 
 
On the other hand, constant gas molar concentration boundary was also specified at the column 267 
surface for each gas component, according to the concentration of each gas in the atmosphere 268 
(De Visscher and Cleemput, 2003). The bottom boundary was a unit-gradient flux condition (i.e., 269 
gravity-induced flux) for water transfer. For the gas transport, a zero flux condition was applied 270 
for nitrogen (N2) and oxygen (O2), while a constant influx of 13.4 mol m
-2
column d
-1 for methane 271 
(CH4) and carbon dioxide (CO2). 272 
 273 
Two initial uniform distributions of soil VWC were considered, 17.2% (referred to as “dry” 274 
condition; the initial value considered by De Visscher et al. (1999)) and 36.8% (referred to as 275 
“wet” condition”). These two initial VWCs correspond to  ws and os , respectively, according 276 
to the soil water retention curve inputted (see Table 1). The initial concentration for each gas 277 
component in the soil was considered to be the same as that in the atmosphere. Subsequently, 278 
transient analysis was commenced by simulating a continuous supply of the constant fluxes of 279 
CH4 and CO2 for 34 days at the bottom of the soil column, while allowing the plant near the 280 
column surface to transpire under a constant rate. The duration of 34 days is the maximum no-281 
rainfall period between 2004 and 2014 recorded by Hong Kong Observatory (2015). This 282 
represents a kind of “worst-case” scenario because it might be less common for any climate 283 
region to have prolonged drying period of 34 days. 284 
 285 
2.3 Analysis scheme for parametric study 286 
In total, three series of 1D transient analyses of the 0.5 m vertical soil column, with and without 287 
vegetation, were carried out. These analyses aim to provide insights into the role of vegetation on 288 
the performance of the flat ground part of a landfill cover, where water and gas transfer is likely 289 
16 
 
to be 1D. The objective of the first series of analysis is to highlight the importance to consider 290 
the coupled effects of microbes and plant root-water uptake on MAMO using the model newly-291 
improved in this study. The second and third series of analyses consider the coupled microbes-292 
vegetation interaction for investigating the effects of the four root architectures (Fig. 1) and the 293 
amount of transpiration rate (Eq. (4)) on MAMO efficiency, respectively. In the second and third 294 
series, the effects of the initial wetness of the soil column (i.e., different initial VWCs) were also 295 
studied, as it has a direct influence on the ability of plant root-water uptake (Eq. (5)) and hence 296 
MAMO efficiency (Eq. (11)). The analysis plan is summarized in Table 2. 297 
 298 
3 Results and discussion 299 
3.1 Importance of coupled microbe-vegetation interaction 300 
This series of parametric study considers cases with and without considering the VWC effects on 301 
microbial activity (i.e., 
,V mf  in Eq. (A2)) upon plant root-water uptake. For cases that do not 302 
consider the VWC effects on microbial activity, mathematically the term 
,V mf  was set to be 1.0 303 
and independent on soil VWC. In these cases, only the effects of enhanced soil aeration by root-304 
water uptake can be evaluated. In order to further highlight the importance of considering the 305 
coupled microbe-vegetation interaction, two types root architectures (uniform and exponential; 306 
refer to Fig. 1) and different root depths (ranged from 0.1 to 0.5 m) are selected for investigation. 307 
These two root architectures are chosen because they provide the largest contrast of VWC 308 
distributions among the four architectures (Ng et al., 2015a).  309 
 310 
 311 
 312 
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 313 
 314 
Table 2 Summary of parametric study 315 
 316 
 317 
 318 
 319 
 320 
 321 
 322 
 323 
 324 
 325 
 326 
 327 
 328 
 329 
 330 
 331 
 332 
 333 
 334 
 335 
 336 
Note: (a) The duration considered for all cases is 34 days. 337 
     (b) Initial water contents of 17.2% is considered for series 1. Series 1 are analysed with and 338 
without consideration of the effects of soil water content on microbial activity. 339 
(c) Two initial water contents of 17.2% and 36.8% are considered for both series 2 and 3. 340 
Analyses for bare soils are also performed for series 2 and 3, for control and comparison. 341 
 342 
 343 
 344 
Seriesa Case ID 
Root architecture 
(refer to Fig. 1) 
Root depth  
(m) 
Transpiration rate 
(mm/day) 
     
1b 
RD1 
Exponential and 
Uniform 
0.1 
4 
RD2 0.2 
RD3 0.3 
RD4 0.4 
RD5 0.5 
     
2c 
RA1 Exponential 
0.3              4 
RA2 Triangular 
RA3 Parabolic 
RA4 Uniform 
     
3c 
TP1 
Exponential and 
Uniform 
0.3 
1 
TP2 2 
TP2.5 2.5 
TP3.3 3.3 
TP6.6 6.6 
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Figs 2(a), (c) and (e) show the distributions of VWC for the cases with root depths of 0.1, 0.3 345 
and 0.5 m, respectively. Unless otherwise stated, all analyses with and without considering the 346 
VWC-dependency on microbial activities and all the results presented refers to the responses on 347 
Day 34 (i.e., at the end of analysis). As expected, significant reduction of VWC takes place 348 
mainly within the respective root zone due to root-water uptake upon transpiration. It can be seen 349 
that regardless of the root depths considered, uniformly-rooted soil always reduces VWC more 350 
significantly than exponentially-rooted soil within root zone. More detailed discussion on the 351 
effects of root architectures on VWC are given in the next section. The corresponding 352 
distribution of methane oxidation rate for each root depth case is depicted in Figs 2(b), (d) and (f). 353 
For shallow root depth of 0.1 m (Fig. 2(b)), a parabolic distribution of methane oxidation rate is 354 
found in all cases, when the dependency of VWC on microbial activity is ignored. No major 355 
difference is found between uniformly- and exponentially-rooted soils. The rate peaks at 356 
approximately 0.2 m depth. The peak methane oxidation rate takes place at deeps deeper than the 357 
root zone because the oxygen transfer in the vegetated soils has been improved by root-water 358 
uptake, allowing MAMO to be more easily taken place in deeper soil depths. This is consistent 359 
with the laboratory test data reported by Bohn et al (2011), Reichenauer et al. (2011), Hilger et al. 360 
(2000) and Wang et al., (2008). When VWC-dependency on microbial activity is considered, 361 
there is a significant reduction of the rate of MAMO within the root zone for both cases of 362 
uniform and exponential root architectures. This highlights the effects of water shortage of 363 
microbes caused by root-water uptake, following Eq. (A2). Below the root zone, there is almost 364 
no effect on the methane oxidation rate. 365 
 366 
 367 
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   368 
   369 
 370 
  371 
 372 
Figure 2 Distributions of volumetric water content ((a), (c), (e)) and methane oxidation rate ((b), (d), (f)) 373 
for root depths of 0.1, 0.3, and 0.5 m 374 
 375 
Root depth 
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Root depth 
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 376 
The importance of the coupled microbe-vegetation interaction on MAMO becomes much more 377 
prominent when root depth increases, for both the root architectures considered. For deeper root 378 
depth of 0.3 m (Fig. 2(d)), the differences of methane oxidation rate for cases with and without 379 
considering VWC-dependency on microbial activity are much larger within the entire root zone. 380 
The over-prediction of the methane oxidation rate due to the negligence of the water shortage on 381 
microbes depends on the root architecture. It can be seen that the influence zone where the 382 
methane oxidation rate has been affected is smaller for the exponentially-rooted soil, because 383 
root-water uptake mainly concentrates on shallower depths (see Fig 2(c)). 384 
 385 
Interestingly, without considering VWC-dependency on microbial activity, a further increase in 386 
root depth from 0.3 m (Fig 2(d)) to 0.5 m (Fig 2(f)) does not cause noticeable change in the 387 
entire profile of methane oxidation rate, regardless of the root architecture. This is because the 388 
difference of VWC profiles up to depth of 0.3 m between the cases with root depths of 0.3 and 389 
0.5 m is less than 4% (see Figs 2(c) and 2(e)), leading to similar gas transfer and hence the rate 390 
of methane oxidation. While below depth of 0.3 m, it is expected that gas transfer is mainly 391 
affected by the applied constant upward influx of methane and carbon dioxide at the column base, 392 
resisting the downward inflow of oxygen from the atmosphere to the soil. Hence, this causes 393 
similar gas transfer and the rate of methane oxidation. On the contrary, when the effects of water 394 
shortage on microbial activity is taken into account, the increase in root length from 0.3 to 0.5 m 395 
could result in (1) an increased depth where the maximum methane oxidation rate takes place 396 
and (2) significant reduction of the magnitude of the peak methane oxidation rate, for both 397 
exponential and uniform cases.  398 
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 399 
Fig.3 shows the effects of root depth on MAMO efficiencies. When the effects of VWC on water 400 
shortage on microbe is ignored, the MAMO efficiencies for both uniformly- and exponentially-401 
rooted soils rises only marginally to about 90% as root length increases. In contrast, when VWC-402 
dependency on microbial activity is considered, the MAMO efficiencies in any case dropped 403 
significantly with an increase in root depth. This is because deeper roots create greater depth of 404 
water shortage for microbes to reduce their efficiency for MAMO. Despite the significant 405 
reduction of efficiency of both types of rooted soil, the exponentially-rooted soil is always more 406 
efficient than the uniformly-rooted soil, by up to 20%. 407 
    408 
Figure 3 Effects of root depth on the coupled microbe-vegetation interaction on MAMO efficiency 409 
 410 
The over-prediction of MAMO efficiency due to the negligence of the VWC-dependency of 411 
microbial activity increases with an increase in root depth. The maximum over-prediction found 412 
in this study could be as high as 75%. This highlights that for more correctly determining the 413 
MAMO efficiency of a rooted soil, it is important to consider the coupled effects of plant 414 
transpiration and microbial activity on water-gas flow.  415 
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 416 
3.2 Influence of root architecture  417 
Fig. 4 (a) compares the VWC distributions between bare and vegetated soils when these soils are 418 
initially wet at plant anaerobiosis point. When vegetation is absent, there is a redistribution of 419 
VWC in the bare soil column due to downwards gravity-induced flow and the water generation 420 
by MAMO (
2DB H O w
M r  in Eq. (1)) near the column base. The presence of vegetation, as 421 
expected, caused a larger reduction of VWC, especially within the root zone, due to root-water 422 
uptake. It can be seen that regardless of the root architectures, almost the same minimum VWC 423 
of 7% (i.e., wilt  in Eq. (9)) was found within the root zone. This is not surprising because it is 424 
the intention of this study to consider the same total root area among the four architectures 425 
(hence the volume of water transpired) for fair comparison (refer to Eq. (6)). Vegetated soil with 426 
exponential and triangular root architectures have nearly the same VWC distributions due to the 427 
similar root distributions (see Fig. 1 and refer to Eq. (6)). Indeed, when a deeper root depth of 2 428 
m and the same  of 1 m-1 are considered, the root distribution between the exponential and 429 
triangular root architectures is much larger (Fig. S1(b); see Part 3 in SI). Hence, plant species 430 
that has exponential architecture induced lower VWC (see Fig. S2(a)) above depth of 0.5m, 431 
where MAMO mainly occurs, leading to lower methane oxidation rate (see Fig. S2(b)) due to the 432 
effects of water shortage on microbes. This is consistent with the analysis undertaken by Ng et al. 433 
(2015a), who also found that these two root architectures give a similar pore-water pressure 434 
distribution. On the other hand, uniform and parabolic rooted soils also have a similar VWC 435 
distribution, except near the column surface where a 3% difference in water content is observed. 436 
It can also be identified that outside the root zone, VWCs in the vegetated soils with uniform and 437 
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parabolic root architectures were lower than those in the cases of exponential and triangular, 438 
suggesting that the former two architectures induced a deeper depth of influence zone of VWC. 439 
 440 
When the soil was initially dry at the initial VWC considered by De Visscher et al. (1999) (Fig. 441 
4(b)), there is a uniform increase in VWC in bare case, which is in contrast to the non-uniform 442 
VWC distributions when the soil was initially wet. This is because drier soil has a lower water 443 
permeability, hence causing reduced downward water flow. As a result, the water generation by 444 
MAMO increased the VWC more uniformly for the initially dry case, as similarly observed in 445 
the numerical simulations performed by Molins et al. (2008) and Ng et al. (2015b). In this dry 446 
case, plant root-water uptake also caused a similar reduction of VWC to the minimum value of 447 
7%, but the depth of influence (0.2 – 0.3 m) was considerably deeper than the wet case, 448 
regardless of the root architectures considered. Relatively speaking, the effects of root 449 
architecture on VWC distributions appear to be more prominent when the soil is initially wet. 450 
This is because for the dry case, the soil has already reached the threshold suction ws  (refer to 451 
Eq. (5)), where plant has a reduced ability of water uptake for a given transpiration rate. The 452 
simulations suggest that plant species that have uniform or parabolic root architecture might have 453 
better water percolation control as they are more capable of recovering the water storage capacity 454 
of a wet landfill cover after subjecting to rainfall. 455 
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 456 
(a) 457 
 458 
(b) 459 
 460 
Figure 4 Effects of root architecture on the distributions of volumetric water content: (a) initially wet 461 
condition; and (b) initially dry condition 462 
 463 
Fig. 5 (a) shows the effects of root architecture on the distributions of the ratio of methane (CH4) 464 
to carbon dioxide (CO2) under initially wet condition. A lower CH4/CO2 ratio suggests higher 465 
MAMO (Gebert et al., 2011; Einola et al., 2008). For the bare soil column, the aerobic depth (i.e., 466 
the depth up where the concentration of oxygen is negligible) reaches the depth of 0.2 m. On the 467 
Root depth 
Root depth 
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contrary, the aerobic depth of all vegetated columns is at the column base as a considerable 468 
concentration of oxygen is detected throughout the column. The much deeper aerobic depth 469 
observed in the vegetated soil is because of the improved soil aeration of oxygen transfer due to 470 
the reduction of VWC upon root-water uptake (refer to Fig. 4(a)). Enhanced soil aeration by 471 
vegetation is also reported in laboratory tests (Bohn et al, 2011; Reichenauer et al., 2011). Due to 472 
enhanced MAMO by the vegetation, the CH4/CO2 ratio in the vegetated soil (regardless of the 473 
root architectures) is significantly lower than that in the bare soil. The effects of root architecture 474 
on the CH4/CO2 ratio appear to be prominent mainly within the root zone. Among the four root 475 
architectures, the exponential and triangular ones yield almost the same lowest CH4/CO2 ratio 476 
and hence have higher MAMO. 477 
 478 
The performance of MAMO of both the bare and vegetated soil columns is very much different 479 
when the process takes place in the initially dry condition (Fig. 5(b)). As expected, a deeper 480 
aerobic depth and a lower CH4/CO2 ratio are found for the bare soil column since the soil 481 
aeration, hence oxygen transfer, is better when the soil is dryer. In this dry case, the effects of 482 
root architecture on CH4/CO2 ratio are more significant compared with the wet case. Relatively 483 
speaking, the vegetated soils that have parabolic and uniform root architectures have higher 484 
CH4/CO2 ratio due to greater reduction of VWC by root-water uptake (Fig. 4(b)). Interestingly, 485 
when the soil is initially dry, the presence of vegetation (regardless of the root architecture) 486 
generally does not provide significant improvement of MAMO as the CH4/CO2 ratio of the bare 487 
soil, especially in shallower depths up to 0.2 m, is smaller than that of the vegetated soils. This is 488 
because, for the soil type and the dryness considered, the soil aeration (or gas permeability and 489 
diffusion) has already been high enough for significant MAMO to take place, without much need 490 
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of soil drying by vegetation. Furthermore, excessive soil moisture removal by roots in initially 491 
dry soil has induced water shortage on microbial activity. 492 
 493 
 494 
 495 
  496 
Figure 5 Effects of root architecture on the distributions of the ratio of methane (CH4) to carbon dioxide 497 
(CO2): (a) initially wet condition; (b) initially dry condition 498 
 499 
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Fig.6 (a) compares the MAMO efficiency between the bare and vegetated soils when the soil is 500 
initially wet. As expected, the bare soil has a nearly constant MAMO efficiency and maintains at 501 
about 50%. For the vegetated soils, regardless of the root architectures considered, there is a 502 
consistent linear increase in MAMO efficiency due to the continuous soil moisture removal by 503 
root-water uptake until Days 20 to 23 when a peak efficiency of 80 – 85% is found. The 504 
improvement of MAMO efficiency made by the vegetation has also been similarly observed in 505 
various experiments, especially when the vegetated soil was regularly irrigated to maintain high 506 
soil water content (Bohn et al, 2011; Reichenauer et al., 2011; Hilger et al., 2000; Wang et al., 507 
2008). As plant transpiration takes place, the associated reduction of VWC reaches a threshold 508 
value, beyond which the amount of soil moisture would suppress the microbial activity (i.e., 509 
described by the term 
,mVf in Eq. (A2)). This effect counteracted, and eventually dominated, the 510 
beneficial effects of the improvement of soil aeration brought by the root-water uptake, thus 511 
causing a reduction of the MAMO efficiency. The simulations also show that although the 512 
vegetated soil having a uniform or parabolic root architecture has higher peak MAMO efficiency, 513 
the reduction rate for these two cases are much more significant than the other two architectures. 514 
This is attributable to the greater reduction of VWC due to the greater ability of root-water 515 
uptake provided by the uniform and parabolic architectures (refer to Fig. 4 (a)), causing 516 
comparatively more significant water shortage for the microbial activity to take place. 517 
 518 
 519 
 520 
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 521 
(a)  522 
 523 
 (b) 524 
 525 
Figure 6 Effects of root architecture on MAMO efficiency: (a) initially wet condition; (b) initially dry 526 
condition 527 
 528 
  529 
29 
 
 530 
When the soil is initially dry, the presence of vegetation, however, has lower MAMO efficiency 531 
than the bare soil, for all four root architectures considered (Fig. 6 (b)). Since the VWC is low 532 
initially, further reduction via root-water uptake suppresses the microbial activity much earlier 533 
due to the quicker water shortage than the wet case. This thus causes a corresponding reduction 534 
of the MAMO efficiency to a level much lower than the bare soil (~83%), even in just the first 535 
few days of the no-rain period. The test results reported by Tanthachoon et al. (2008) also show 536 
that the bare soil has higher MAMO efficiency than vegetated soils when the soil was relatively 537 
dry without irrigation for 80 days. The observed greater reduction of the MAMO efficiency for 538 
the case of uniform root architecture is associated with its relatively strong ability of root-water 539 
uptake when compared to other architectures. 540 
 541 
3.3 Influence of transpiration rate 542 
The third series of parametric study evaluates the effects of plant transpiration rate (Tp in Eq. (4)), 543 
with due consideration of different climatic conditions and its interaction with plant water uptake. 544 
A range of transpirations from 1 to 6.6 mm/day (Leung et al., 2015) were selected to examine 545 
their effects on MAMO when soil is initially dry or wet. In this series, only uniform and 546 
exponential root architectures are considered for investigation. 547 
  548 
Fig. 7(a) shows the effects of transpiration rate on   (Eq. (9)) along depth when the soil is 549 
initially wet. For the bare soil,   for the whole column is less than 1, indicating that poor soil 550 
aeration is the dominant mechanism that reduces MAMO. Vegetated soils, on the contrary, have 551 
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much higher  , especially within the root zone, due to the improvement of soil aeration by root-552 
water uptake. It can be further observed that for a given root architecture,   increases with an 553 
increase in transpiration rate. When the transpiration rate is relatively low (2.5 mm/day), the 554 
plant root-water uptake, either with the exponential or uniform root architecture, is too weak to 555 
improve the soil aeration, as the values of   are always lower than 1.0 for the entire columns. As 556 
transpiration rate increases further,   within the root zone becomes higher than 1.0, suggesting 557 
that the MAMO is more affected by the microbial water shortage rather than the lack of oxygen 558 
transfer. Another interesting observation is that there seems to exist a threshold transpiration rate, 559 
beyond which the maximum  remains unchanged. It can be seen that at the soil surface, the   560 
maintains at about 8 even the transpiration rate increases from 3.3 to 6.6 mm/day. It is because 561 
for any transpiration rate that exceeds 3.3 mm/day, the VWC at soil surface would have already 562 
reduced to the value corresponding to the permanent wilting point, beyond which both the plant 563 
root-water uptake and microbial activity stop.  564 
 565 
When the soil is initially dry, the   of the vegetated soil appears to be less sensitive to the 566 
transpiration rate (see Fig. 7(b)) as compared to the previous case. For the case of uniform root 567 
architecture, almost the same profile of   is found for the three transpiration rates considered. 568 
Similar observation is found for the case of exponential root architecture, except at 0.2 m depth 569 
where the root-water ability reduces according to Eq. (5). Based on   at soil surface, the 570 
threshold transpiration rate in this dry case appears to be 2.5 mm/day, which is lower than that 571 
identified in the wet case in Fig. 7(a). This is because when the soil is drier, less amount of 572 
transpiration is needed to reduce VWC to the value corresponding to the permanent wilting point. 573 
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 574 
 575 
(a) 576 
 577 
(b) 578 
Figure 7 Effects of transpiration rate on η (the ratio of fO2 to fV,m) along depth: (a) initially wet condition; 579 
(b) initially dry condition 580 
 581 
Fig. 8(a) shows the effects of transpiration rate on MAMO efficiency when the soil is initially 582 
wet. The water shortage coefficient,   (Eq. (10)), corresponding to each transpiration rate is 583 
Root  
depth 
Root  
depth 
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also depicted. The bare soil has a constant coefficient of 48%. On the contrary, an increase in 584 
plant transpiration rate improves the aeration in vegetated soils and this hence increases MAMO 585 
efficiency. The increasing rate of the efficiency appears to be independent of the root 586 
architecture. The vegetation improves MAMO efficiency only until the   reaches 1.0, beyond 587 
which the soil VWC would be too low to meet the demand of root-water uptake. When 588 
transpiration rate increases further, the continuous loss of VWC has an adverse effect to MAMO 589 
efficiency as the MAMO has been predominantly suppressed by the water shortage of microbes. 590 
Since the   of the uniformly-rooted soil is higher than that of the exponentially-rooted soil (Fig. 591 
7(a)), the reduction rate of the MAMO efficiency for the former case is thus more significant. 592 
 593 
When the soil is initially dry (Fig. 8(b)), the MAMO efficiency of bare soil (i.e., 80%) is higher 594 
than the initially wet case, as expected, due to better soil aeration. For vegetated soils, it is 595 
interesting to see that even at a low transpiration rate of 1 mm/day, the   has already reached 596 
1.0, meaning that the plants find them difficult to extract water from the relatively dry soil. A 597 
further increase in transpiration rate hence results in greater shortage of water for microbes to 598 
undergo MAMO, consequently reducing the efficiency. Consistent with the findings from the 599 
wet case in Fig. 8(a), the efficiency reduction rate for the uniformly-rooted soil is much more 600 
significant than that for the exponentially-rooted soil. It appears that for the uniformly-rooted soil, 601 
transpiration rate of about 3 mm/day is the threshold value, beyond which the plant root-water 602 
uptake does not play any further role on MAMO efficiency. 603 
  604 
33 
 
 605 
                                                                                           (a)  606 
 607 
(b) 608 
Figure 8 Effects of transpiration rate on MAMO efficiency: (a) initially wet condition; (b) initially dry 609 
condition 610 
 611 
3.4 Engineering implications 612 
It is clear from the simulation that MAMO is a complex process where the interplay among the 613 
initial soil moisture condition, ability of root water take and climate condition could cause shifts 614 
of the significance of soil aeration and microbial water shortage on MAMO efficiency. Among 615 
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the plant root architectures considered, exponential/triangular root architectures are more 616 
preferable and they appear to perform better in terms of MAMO efficiency than 617 
uniform/parabolic one. At high transpiration rate of 5 mm/day, MAMO efficiency for the 618 
exponentially-rooted soil that is initially dry can be even higher than the uniformly-rooted soil 619 
that is initially wet (Fig. 8(b)). Planting vegetation that has exponential/triangular root 620 
architectures have additional benefit to the sloping part of a landfill, as these two root 621 
architectures have greater stabilization effects on shallow slope stability compared to 622 
uniform/parabolic ones (Ng et al., 2015a; Liu et al., 2016).  623 
 624 
The simulation reveals that if a landfill cover is to be built at arid or semi-arid regions where the 625 
soil remains relatively dry, special attention should be paid to the emission of methane gas as the 626 
presence of vegetation could demote the microbial activity for MAMO. In particular, water 627 
uptake by plant species that has triangular/exponential root architectures introduced less water 628 
shortage on microbes and hence less reduction in MAMO efficiency (see Figs. 3 and 6). 629 
However, it is important to highlight that these root architectures are not ideal in terms of water 630 
percolation, which is another important aspect that should not be overlooked for the design of 631 
landfill cover. In fact, plants with uniform and parabolic root architectures and relatively long 632 
root depth provide better hydrological performance because these root architectures have greater 633 
water uptake ability to reduce soil water content and hence hydraulic conductivity. In contrast, 634 
for landfill covers to be built in humid regions where soil is normally wet, the choice of root 635 
architecture may be less critical because microbes are less likely to have water shortage for 636 
oxidizing methane even root-water uptake takes place. A careful assessment of site climate is 637 
thus crucial for landfill designers to judge whether methane gas emission, water percolation or 638 
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their combination is controlling the design of landfill cover before plant species with desirable 639 
characteristics is selected.  640 
 641 
Another important engineering implication to landfill designers is that plants with different root 642 
depths and root architectures require different irrigation schedule (refer to Fig. 3). For a given 643 
root architecture, a more frequent irrigation may be needed for deeper root case, which the drop 644 
of MAMO efficiency is more significant. This implies that for a longer term vegetation 645 
management of a landfill cover, the frequency of irrigation schedule should be generally 646 
increased as roots grow to deeper depths. For a given root length, plant species that has uniform 647 
or parabolic root architectures may require more frequent irrigation than the exponential and 648 
triangular ones, because the former two introduced greater water shortage on microbes due to 649 
their greater ability of water uptake. For the specific conditions considered in this study (Fig. 4), 650 
up to 15% more water was needed for both the uniform and parabolic cases to maintain the same 651 
MAMO efficiencies as the other two cases. Nonetheless, regardless of the length or architecture 652 
of roots considered, any enhanced percolation due to the formation of soil macro-pores upon root 653 
growth/penetration (Beven and Germann, 1982) has to be carefully assessed, with due 654 
consideration of root architecture and weather forecasting of precipitation. No excessive water 655 
should be added to result in decreased MAMO by reducing oxygen availability. 656 
 657 
The dimensionless ratio, , might be a relevant indicator for landfill operators to make a more 658 
objective decision on the need of irrigation, if monitoring of volumetric fraction of oxygen (i.e., 659 
in Eq. (9)) and soil water content in shallow soil (0.5~1 m) were available. Soil water content 660 
data could be used to determine  via Eq. A2, while  could be obtained by measured  661 
2O
y
,V mf 2Of 2Oy
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and considering to be 0.012 (based on the direct measurements reported by De Visscher et 662 
al. (1999)). Hence,  could be estimated via Eq. (9). If  is higher than 1.0 (i.e., MAMO being 663 
suppressed by microbial activity), irrigation may be applied. 664 
 665 
4 Conclusions 666 
This study proposes a newly-improved theoretical model that couples the effects of plant root-667 
water uptake and microbial activity for more realistically capturing water-gas flow and microbial 668 
aerobic methane oxidation (MAMO) in unsaturated soils. Another new feature of the model is to 669 
allow for consideration the effects of different root architectures, namely uniform, parabolic, 670 
exponential and triangular, on MAMO. 671 
 672 
The simulation shows that ignoring the effects of water shortage on microbes (like most of the 673 
existing models do) would over-predict the MAMO efficiency in vegetated soils, especially 674 
when the plant has a uniform root architecture. The over-prediction would be magnified when 675 
root depth is deeper (i.e., greater soil volume being effected by root-water uptake), because the 676 
water shortage on microbes is much more prominent. 677 
 678 
Plants with exponential and triangular root architectures and relatively short root depth are more 679 
preferable for maximizing the beneficial effects of root-water uptake on the control of methane 680 
gas emission from a landfill cover. 681 
 682 
Whether the presence of plants is beneficial or adverse to methane gas emission control depends 683 
on the initial soil moisture and transpiration rate strongly. When the soil is initially wet at plant 684 
2O
K
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anaerobiosis point, root-water uptake improves soil aeration within the root zone significantly, 685 
hence providing improvement on the MAMO efficiency. On the contrary, when the soil is 686 
initially dry near the permanent wilting point, plant root-water uptake, for any root architecture 687 
considered, reduces the MAMO efficiency as compared to bare soil. This is because when the 688 
soil is too dry, further reduction of soil moisture by plants would significantly suppress the 689 
microbial activity. Hence, this reduces the rate and efficiency of MAMO. 690 
 691 
In order to further verify the proposed theoretical model, more comprehensive field or laboratory 692 
dataset is needed to quantify the combined effects of plants and microbes on methane oxidation 693 
efficiency. More research on how the presence of plant roots would cause any change in water 694 
and gas flow properties of unsaturated soil will be valuable. This information will improve the 695 
theoretical soil-root interaction models, which can gain further insights into the control of water 696 
percolation of a vegetated landfill cover. 697 
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Notation 705 
w  water density 706 
DB  dry bulk density of soil 707 
2H O
M  molar mass for water 708 
wr  generation rate by per mole methane oxidation 709 
w  volumetric water content 710 
sat  saturated volumetric water content 711 
wilt  wilting point of soil 712 
fc  field capacity of soil 713 
wv  velocity of Darcian water flow 714 
( , )S z  sink term associated with plant root-water uptake as a function of matric suction 715 
  matric suction 716 
z depth 717 
H(z)  Heaviside function 718 
gP  gas pressure 719 
wP  pore-water pressure 720 
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1L  length outside the root zone 721 
2L  root depth 722 
g  gravitational acceleration 723 
kw  water permeability function 724 
Tp transpiration rate 725 
    transpiration reduction function 726 
os  anaerobiosis point 727 
 ws  turning point 728 
wilt  the suction at wilting point 729 
 G z  root shape function describing root architecture 730 
  a constant with a unit of m-1, which controls the curvature of exponential root architecture 731 
Vmax maximum methane oxidation rate per unit mass of dry soil 732 
Km half saturation constants for methane 733 
Ko2 half saturation constants for oxygen 734 
4CH
y  molar fraction of methane 735 
2O
y  molar fraction of oxygen 736 
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,V Tf  effect of temperature on microbial activity 737 
,V mf  effect of water content on microbial activity 738 
2O
f  the effects of root-water uptake on the improvement of soil aeration 739 
  dimensionless number defined as 
2 ,O V m
f f  740 
wilt   volumetric water content at wilting point 741 
ini  initial volumetric water content  742 
  water shortage coefficient defined as * ( )p wilt ini dT t r   743 
t  time 744 
pT  maximum root-water uptake 745 
4
in
CHΓ  methane influx  746 
4
out
CHΓ  methane outflux 747 
oxi  MAMO efficiency 748 
  soil porosity 749 
wS  degree of saturation 750 
k
gc  molar concentration of gas k 751 
k
wH  molar concentration of gas k dissolved in water 752 
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vg advective velocity of the gas mixture 753 
k
gN  diffusive flux of gas k in the gaseous phase 754 
k
gr  reaction rate per unit of dry soil mass for gas k 755 
4CH
gr  MAMO rate 756 
T soil temperature 757 
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Part 1. Formulations for considering the effects of temperature and water content 912 
on microbial activity  913 
Effects of temperature on microbial activity (
,V Tf ) may be described by the following empirical 914 
expression proposed by Abichou et al. (2011): 915 
0
0
,
2.235 0.18( 33)                                         33 
0.122 1.47                                          15 <33 
0.0142                                                     
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                     (A1) 916 
where T is soil temperature. The physical meaning of Eq. (A1) is that below the optimum 917 
temperature of 33 oC, the rate of methane oxidation increases with an increase in temperature, 918 
but it is the opposite when soil temperature is higher than the optimum value. As a first 919 
approximation, the effects of soil water content on microbial activity (
,V mf ) may be described by 920 
the following relationship proposed by (Abichou et al., 2011):  921 
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               (A2)  922 
where sat  is the saturated volumetric water content; wilt  is the wilting point of soil, which is the 923 
water content when microbial activity for methane oxidation is negligible; and 
fc  is the field 924 
capacity of soil, and it is defined as the water content at which a soil can hold when drainage 925 
driven by gravity is negligible. Eq. (A2) describes that when soil water content is lower than 926 
wilt , methane oxidation is negligible. As soil water content increases from wilt to fc , methane 927 
oxidation rate increases linearly to the maximum value. When the water content is higher than 928 
field capacity, 
,V mf  becomes constant, meaning that the soil water content has no effect on 929 
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microbial activity. As a first approximation, 
wilt to fc maybe estimated by water content at 930 
suction of 40 and 1500 kPa (Feddes et al., 1976), respectively. This relationship is consistent 931 
with the datasets reported by Spokas and Bonger (2011), which is one of the very scarce studies 932 
that experimentally quantify relationship between methane oxidation rate and suction in the 933 
literature. Their test results show that the maximum and minimum methane oxidation rates occur 934 
at suction about 50 kPa (close to field capacity 33 kPa) and wilting point (1500 kPa), 935 
respectively. Beyond the wilting point, MAMO is found to be practically negligible. Therefore, 936 
as the first attempt to model the coupled effects and interaction between plant and microbes, 937 
application of the relationship found by Spokas and Bonger (2011) in our proposed model is 938 
deemed acceptable. 939 
 940 
Part 2. Governing equation for multi-component gas transfer 941 
 942 
Using a similar approach as Thomas and He (1995), invoking the principle of mass conservation 943 
for gas k yields 944 
[(1 ) ] [ ] [ ]

      

k k k k k k
w g w w g g w w g DB gS c S H v c v H N r
t
                (A3)                                                                       945 
where  and wS  is the soil porosity and degree of saturation, respectively; 
k
gc  is the molar 946 
concentration of gas k (k = 1,2,3,4 represent O2, CO2, CH4 and N2, respectively); kwH  is the molar 947 
concentration of gas k dissolved in water; vg and 
k
gN  are the advective velocity of the gas 948 
mixture and the diffusive flux of gas k in the gaseous phase, respectively; k
gr  is the reaction rate 949 
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per unit of dry soil mass for gas k. Eq. (A3) considers that the transfer mechanisms of each gas 950 
component include (i) advection in the gaseous phase; (ii) advection of the dissolved gas k in 951 
water and (iii) gas diffusion in the gaseous phase.  952 
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Part 3 Supplementary figures 954 
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Figure S1 Four idealized root architectures: (a) at root depth of 1 m; and (b) at root depth of 2 m 957 
  958 
(b) 
57 
 
 959 
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Figure S2 Comparisons of the distributions of (a) VWC and (b) methane oxidation rate between 963 
triangular and exponential root architectures at root depth of 2 m 964 
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